INTRODUCTION
Rifts have long been thought of as symmetrical structures [Vening Meinesz, 1950] . However, recent geological and geophysical observations have emphasized the importance of simple shear extension in the crust which gives rise to asymmetric structures. Normal faults having a consistent sense of dip are generally associated with simple shear deformation. Low angle normal faults exposed at the surface have been traced to mid crustal levels using seismic reflection techniques. COCORP seismic lines in the eastern Basin and Range show low angle normal faults which penetrate the upper and middle crust [Allmendinger et al., 1987] . The Bay of Biscay, which has been considered a classic example of a pure shear margin [deCharpal et al., 1978] simple shear along a detachment. Metamorphic core complexes show that rocks can come up from mid crustal levels apparently in association with extensional shear zones [Davis, 1983] . The observation of synthetically dipping normal faults over broad areas (e.g., the southern Basin and Range) has been taken as evidence for simple shear [Wernicke, 1981] . Strong topographic and volcanic asymmetries exist across some rifts and conjugate passive margins, among them the Red Sea rift [Wernicke, 1985] , East African Rift [Bosworth, 1987] [1986] for a specific geometry and extension rate. Two-dimensional effects are important in this problem, and a variety of geometries need to be considered. We have therefore developed a numerical scheme which approximates the thermal effects of a two-dimensional lithosphere extending under both pure and simple shear conditions. The same finite difference technique is used to follow the thermal evolution of the lithosphere under different distributions of strain. This allows the computation and direct comparison of differences in geophysical observables, such as heat flow, uplift, subsidence, and crustal thickness produced by these two modes of extension.
In order to judge the model results, we compare them to topographic and heat flow data for the Red Sea area. The asymmetric uplift and volcanism bordering the Red Sea is well known and has been cited as evidence for a throughgoing lithospheric detachment [Wernicke, 1985] . This region has recently been the locus of extensive geophysical fieldwork [Cochran et [Cochran, 1983a] , evidence from the Gulf of Suez and Gulf of Aqaba [Steckler et al., 1988] suggests that in the northern Red Sea most of the extension has occurred within the last 19 m.y. and that it continues to the present. The young age of this rift is particularly important for discriminating between models of its formation because many of the effects are transient and will not be observable tens of millions of years after rifting. The northern Red Sea is therefore the logical choice for a location to test quantitative numerical models of pure and simple shear extension.
PREVIOUS QUANTITATIVE MODELS
Models of extension of the crust and lithosphere were motivated by observations in the sedimentary record of passive margins. The sedimentary record showed that the subsidence of margins followed the exponential behavior characteristic of thermal cooling, such as is observed for the cooling of a mid-ocean ridge. Sleep [1971] was the first to point this out using data from the Atlantic margin of the United States. This required some mechanism to heat the lithosphere to allow it later to cool and subside. Active mantle heating causes initial uplift which then can thermally subside. Unless there is substantial erosion of the uplifted crust, the lithosphere can only isostatically subside to its original level. In many areas, evidence for an initial phase of uplift and erosion is lacking.
Several authors [Artemjev and Artyushkov, 1971; Salveson, 1978; McKenzie, 1978] suggested that thinning of the crust and mantle lithosphere by pure shear extension created the increased thermal input needed to explain the later thermal subsidence. Because there is no active asthenospheric heating of the lithosphere in these models, they are termed "passive." The crustal thinning allows subsidence below sea level, or the original level of the continent, and sediment accumulation. Mckenzie [1978] The instantaneous uniform pure shear extension model was further generalized by Jarvis and McKenzie [ 1980] to include the effects of vertical heat loss during a finite duration extension event. They were able to model the heat flow and subsidence through a finite period of lithospheric stretching and thinning and the subsequent evolution after the end of the extension event. They found that the heat flow and subsidence history differed little from the instantaneous extension model, provided the time during which extension occurs is not too long. For a lithosphere thinned to half of its original thickness, for example, they found good agreement with the instantaneous case provided the duration of extension is less Many rifts appear to require more heating than can be achieved if the observed amount of crustal stretching is the same as the lithospheric stretching. This led to the proposal of a two-layer stretching model [Royden and Keen, 1980] in which the subcrustal lithosphere is decoupled from the crust and can be extended by a greater amount than the crust. Although this model provides a method for controlling the amount of lithospheric heating independently of the amount of crustal extension, it lacks a physical mechanism for this process and creates geometric incompatibilities between the crustal and subcrustal layer.
Several workers have shown that asthenospheric convection induced by the horizontal temperature gradients beneath a rift can be a source of additional heating and can have an important effect on the subsidence and uplift history of a rift [Keen, 1985; Buck, 1984 Buck, , 1986 . Convective effects may be crucial to explaining the magnitudes of uplift flanking some rifts [Buck, 1984 [Buck, , 1986 Steckler, 1985) ] The magnitude of uplift produced by convection is related to the size of the lateral temperature gradients at the base of the lithosphere. Convection mainly tends to alter the magnitude of isostatic uplift and subsidence and does not cause a different topographic pattern from that of a conductive model with the same geometry. Thus we will discuss the ability of our models of passive rifting to produce large horizontal gradients in temperature in qualitative terms only.
In contrast to the substantial quantitative assessment of the consequences of pure shear extension afforded by the analytical and numerical models discussed, the consequences of simple shear extension have for the most part only been qualitatively inferred [Wernicke, 1981; Lister et al., 1986] 
FORMULATION OF CALCULATIONS
Our main goal is to model the principal consequences of simple shear, however, for comparison purposes we also calculate the thermal evolution for pure shear models. The models are idealizations which test a set of parameters which can be compared to geophysical data. The models follow through time the kinematic and thermal development of the lithosphere, surface heat flow, and the thermal uplift and subsidence. We also assess whether the lithospheric thermal structure generated by a model will lead to melting of mantle material and, if so, where the melting will occur. Mechanical and structural considerations are not taken into account. Thus rheology, flexural rigidity, convection, etc. are not explicitly incorporated into the model, although their expected influence is discussed.
The idealized cases of strain distribution in an extending lithosphere are illustrated in Figure 2 . Figure 2 shows that any pure or simple shear model of lithospheric extension must include regions of strain which cannot be categorized as just pure or just simple. Simple shear of the lithosphere produces large topographic offsets (i.e., tens of kilometers, for very large horizontal offsets), and therefore there must be some additional distributed strain. We call this response which keeps the topography from being unreasonably large the "isostatic response strain," and it may be controlled by the flexural strength of the lithosphere. Here, we take it to be controlled by local isostatic compensation for simplicity. In our model the isostatic response strain acts to produce a downward displacement in the vertical region beneath the shear zone-surface intersection which equals the upward component of displacement at each point on the top surface of the shear zone. The effect of this strain is to maintain the top surface of the model lithosphere horizontal, which is a first order approximation of true isostatic or flexural compensation at a lithospheric scale. The strain field indicated in Figure lb lithosphere. The pure shear model of lithospheric extension also necessarily results in areas which are not deforming through pure shear. Thus the pure shear strain field in Figure  2 has an area where the deformation is formally pure shear, but at the edge of that straining region the strains are undergoing a more general deformation. Denoting these models as pure or simple shear is reasonable even though not all the extension occurs by a single mode of shearing.
For the simple shear model, the most concentrated strain could take place on a narrow detachment, while the isostatic response strain may be widely, perhaps flexurally, distributed. An interesting consequence of the isostatic response swain in a simple shear model is that it produces a listtic fault geometry, as shown in Figure 3 . Isostasy causes curvature of the shear zone. Since we require the active shear zone to remain straight, the curved region is abandoned. The main concern is with artificial diffusion introduced by the advective terms of (4) [Roache, 1978] . Here the method is first order accurate in the limit that the grid spacing is small enough that the time for diffusion between points is much less than the time for advection between points.
The accuracy of the method was evaluated empirically by repeating calculations at three grid spacings and examining the rate of convergence. At the smallest grid spacing used in the calculations (1.7 km) the output results, such as vertically integrated temperature or surface heat flux, differed from the extrapolated value at zero grid size by less than 5%. In all calculations, except for the simple shear models with finite width shear zones, the distribution of crustal thickness in the The elevation of a point depends on the average density of a column of material beneath that point. The density of the column depends on the thickness of low density crust and the average temperature of the column. The crustal density, mantle density, initial crustal thickness, initial lithospheric thickness, and the thermal expansion coefficient all affect the calculated topography. Table 1 gives the values assumed here. Moderate variation in these assumed parameters has little effect on the conclusions of this work, especially where we are comparing results from models with the same physical parameters.
Finally, we determine whether the thermal structure produced by a model calculation is likely to result in partial melting of the asthenosphere. We compare the temperature and depth of each point within the modeled rift to a melt relation and determine whether that point is above the solidus. We assume a linear solidus having a gradient of 4øC/km such that asthenosphere at 1300øC begins melting at 60 km depth. This depth for the first occurrence of partial melt is similar to that calculated by Foucher et al. [1982] for this temperature asthenosphere.
RESULTS
The different modes of extension modeled result in very different patterns of surface heat flow, topography, crustal thinning, and lithospheric heating. We will describe the evolution of these quantifies through time as functions of the variable parameters described in the preceding section. The calculations treat very simple strain patterns but allow us to make generalizations about how more complicated strain fields would affect the observable quantities. Figure 6c , and the rate of extension, as shown in Figure 6d . For a given rift, if the extension rate is low, the only way for a simple shear model to give high heat flow is for the dip angle to be large. For pure shear rifting to produce high heat flow in the center of a rift either the extension rate has to be large or the zone of extension has to be narrow, as illustrated in Figure 7 . Allowing the zone of pure shear rifting to narrow with time allows the heat flow to start out as a broad high and progressively become more highly peaked. Simple shear extension is always less effective in producing partial melting than is pure shear extension for the same overall plate separation rates and rift widths. In order to produce partial melt, hot mantle material must be advected to a shallow enough depth to exceed the solidus. For detachments shallower than 45% material is advected horizontally more than vertically while conduction cools it. Planar detachment models lead to complete thinning of the continental crust before partial melting occurs. Since large amounts of partial melting are required to produce oceanic crust, this model predicts a period of time during which mantle is exposed at the surface before oceanic crust is produced. Although wide shear zone models do not lead to complete thinning of the crust, the crust is extremely thin before partial melting commences.
Simple
Another result of our calculations which differs from the prediction of other authors is the location of the region of melt generation within a lithosphere undergoing simple shear extension. Wernicke [1984] and Lister et al. [1986] predict partial melting to occur near the base of the shear zone, substantially displaced from the region of crustal thinning. However, most solidus estimates for "dry" manfie materials will not have melting occur until material has adiabatically risen to a depth of at least about 60 km [Foucher et al., 1982] . In a simple shear geometry the amount that material can rise for a given amount of total plate offset is determined by the dip of the shear zone. For shallow dip detachments this requires very large amounts of total extension before material reaches a shallow enough level to melt. Unless extension rates are sufficiently fast, material will cool so much on ascent that no partial melting will occur, no matter how much extension occurs. For simple shear model calculations run at high extension rates (>1 cm/yr), partial melting begins at 60 km depth under the region of thinnest crust within the rift. In these calculations we model a simplified opening history for the Red Sea. We assume that the extension is orthogonal to the rift and takes place at 1 cm/yr. This opening rate is only a round number, since the best estimates for the opening rate at 27øN are closer to 0.75 cm/yr [Joffe and Garfunkel, 1987] . The opening is modeled to occur for 14 m.y., which gives the upper limit of total plate separation for the northern Red Sea. These assumptions lead to the model calculations overestimating uplift and heat flow, thereby providing an upper limit for the conclusions. Several models were set up to produce initial crustal extension over a region .--110 km wide, so that after 14 m.y. of extension the rift is 250 km wide and matches the approximate position of border faults and flanking by the crustal unloading of the upper plate and loading of the lower plate plus thermal bouyancy are not clear. The loading would interact with the laterally varying strength of the lithosphere, which depends on its composition as well as its temperature structure. The flexural response to simple shear rifting may add to the uplift of the footwall side of the rift but will not be able to explain the long wavelength topography of Arabia. Induced convection driven by high lateral temperature gradients has been proposed as a mechanism for bringing in additional heat and amplifying rift shoulder uplift. This mechanism may be effective in increasing the short wavelength uplift and heat flow at the rift flank in the pure shear models. However, the low angle detachment generates relatively low horizontal temperature gradients (see Figure 9a) at the base of the lithosphere, diminishing the effectiveness of this mechanism for the simple shear models.
The extremely broad uplift across Arabia is thus much larger in amplitude and width than uplift generated by any of the models. If the topographic differences across the Red Sea cannot be explained by a simple shear rifting model, then what can cause this broad scale asymmetry? We suggest that it may be related to flexural upwarping caused by the subruction and loading of the Arabian plate at the Zagros sulxluction zone. Snyder and Barazangi [1986] have analyzed gravity and topographic data for the Arabian plate within 400 km of the Zagros mountains and find that thick elastic plates (>60 km) are required to explain that data. Such plate thicknesses could produce a flexural response with a wavelength sufficiently large to explain some of the broad topographic uplift of Arabia. The rifting of the Red Sea should effectively break the Arabian Plate, leaving a free end, which leads to higher amplitudes of topography at the broken end than if the plate were continuous. Also, any underplating of the crust of western Arabia due to the passage of the Afar hotspot would contribute to the uplift there. Gravity data for northwestern Arabia are sparse, but are now being studied to address this question.
Although simple shear extension does not explain the heat flow and topography for the Red Sea rift, lithospheric simple shear cannot be ruled out for other areas. Wernicke [1985] claimed that the uplift of the Sierra Nevada mountains was caused by simple shear extension which produced lithospheric thinning under the Sierra Nevada while crustal thinning was concentrated in the Death Valley area of the Basin and Range. However, it would be expected to be a factor in increasing the surface heat flow near the center of the rift of our time-narowing pure shear model only after about 10 m.y. since no melt is generated before this time.
The production of a narrow zone of extension, required to fit the heat flow data, along with a wider zone of moderate crustal thinning, required to fit topographic data, could happen in other ways. The extension could have been concentrated to a narrow region from the start and erosion could have cut back many tens of kilometers from the original edge of the rift.
Since there has been no more than the modeled 140 km of perpendicular opening of the northern Red Sea, this requires massive erosion of 60 km of the rift edge on each side, an excessive amount. Another possibility is that the concentrated extension at the center of the rift is going on at the same time as the slower extensional thinning to the sides of the rift center. However, our preferred scenario is that the initial extension of the rift took place over a wide region, and then it progressively narrowed, as for the case shown in Figure 10 Although the heat flow and elevation for the rift shoulder mountains are not matched by this model, they are compatible with a model with a narrowing zone of extension. This model would produce large lateral temperature gradients to drive manfie flow which would augment the uplift and heat flow in the rift shoulder mountains, as has previously been suggested [Buck, 1984 [Buck, , 1986 Steckler, 1985 3. A concentrated narrow zone (<40 km) of pure shear extension is required to match the heat flow data for the northern Red Sea, and this will also produce p ,atrial melting of the asthenosphere.
4. In order to simultaneously match the observed rift shoulder separation and the heat flow, the initial extension must have occurred over a broader width and subsequently narrowed.
